In populations of a cyclical parthenogen, the diversity of clonal lineages, derived from sexually produced eggs, declines during the parthenogenetic phase. Even though Daphnia magna populations from small ponds may harbour millions of individuals, we show that observed clonal and allelic diversity in populations from such small water bodies are lower than in populations from larger water bodies. Populations from small water bodies also show significant fluctuations in allele frequencies among years and a stronger among-population genetic differentiation than populations inhabiting larger water bodies. Persistent founder effects can only explain part of these results. Our data link the population genetic structure of cyclical parthenogens to the size of the habitat and suggest that genetic drift is a more prominent feature of populations inhabiting small water bodies than previously thought.
Introduction
In cyclical parthenogenetic cladocerans and rotifers, sexual reproduction is linked to the production of dormant stages that can survive unfavourable environmental conditions (King, 1980; Hebert, 1987) . During favourable conditions, parthenogenesis is the predominant mode of reproduction, and clonal lineages are formed. Competition among clones during this parthenogenetic phase may erode clonal diversity, decreasing the number of clones present in the population or altering the relative frequencies of clonal lineages (Ruvinsky et al., 1986; Carvalho and Crisp, 1987) . Daphnia species live in a wide variety of freshwater bodies, ranging from very small pools (a few square meters) to large lakes (Hebert, 1978; Fryer, 1991) . Even within species, the variation in habitats occupied can be considerable. On the basis of clonal structure and stability as revealed by allozyme markers, Daphnia populations have traditionally been subdivided into three types: intermittent pond populations with frequent extinctions of the active population and heavy recruitment from the dormant egg bank, permanent pond populations which are much more stable and are assumed to only sporadically engage in sexual reproduction and recruitment of new genotypes from the dormant egg bank (Hebert, 1978 (Hebert, , 1987 , and lake populations (Mort and Wolf, 1986; Jacobs, 1990) . Although intermittent pond populations and lake populations are characterized by a high clonal diversity (tens of detectable clones in a standard sample of 50-100 individuals) and relatively stable genotype frequencies, permanent pond populations show a much lower clonal diversity (only a few detectable clones) and pronounced temporal shifts in clonal composition (probably associated with recruitment from the egg bank; reviews in Hebert, 1987; De Meester, 1996) .
Differences among these three types of water bodies can be expressed in terms of length of the parthenogenetic phase and size of the habitat (De Meester et al., 2006) . Although the effect of duration of the growing season (parthenogenetic reproduction) on the genetic composition of cyclical parthenogenetic populations is easily appreciated when comparing, for example, intermittent and permanent pond populations, size of the habitat has never been looked at explicitly. Yet, size of the habitat may play a significant role in determining the genetic structure of cyclical parthenogenetic populations, as is indicated by the difference in genetic structure between pond and lake populations.
There are several a priori reasons to expect a positive relationship between habitat size and clonal diversity of a population of cyclical parthenogens. First, although even in small ponds hundreds to thousands of clones will hatch from the egg bank at the beginning of the growing season (De Meester et al., 2006) , smaller ponds are expected to have a smaller stock of dormant eggs and hence to have a lower total recruitment of clones from the dormant egg bank. Second, small ponds harbour smaller populations than large lakes, making a population with an equal diversity of clones more vulnerable to extinction of clones, as each clone will be represented by fewer individuals. Higher starting variation and lower extinction rates in larger water bodies may together prolong the period needed for clonal diversity to drop to levels comparable to populations from smaller ponds. Third, large water bodies harbour more niches, enabling stable coexistence of more genotypes. We here relate clonal diversity to habitat size in natural populations of the cyclical parthenogen D. magna, and we investigate the impact of this relation on allelic diversity and on genetic drift within and among populations.
Materials and methods
In total, we sampled 20 natural D. magna populations. Of these populations, 17 are situated in Belgium and three populations are from large water bodies situated in Hungary (Table 1) . Population genetic data on seven of the 17 Belgian populations were incorporated in the study on interpopulational genetic differentiation by Vanoverbeke and De Meester (1997) . Ten populations (seven Belgian and three Hungarian; see Table 1 ) were sampled twice with a time interval ranging from 1 to 5 years. All sampled populations inhabit shallow water bodies (o2 m depth). Although most of the sampled populations periodically engage in extensive sexual reproduction (CS, CB, DV, FP, OM1, OM2, OM3, De Meester and Vanoverbeke, 1999; PB, EK, Vanoverbeke and De Meester, 1997 ; OH, SP ponds, personal observation) and often cannot be detected in the water column, in most of the populations mild winters allow individuals to survive till the next spring. We have no direct data on hatching in the field except for the OM ponds (unpublished data); yet, we assume that in most populations, at least in early spring at the onset of the growing season, substantial hatching occurs from the local resting egg bank. The hatching data from the OM ponds (unpublished data) indeed indicate that a major bout of hatching occurs in April; hence, we defined the beginning of April as the start of the growing season for the Belgian populations and calculated the time to sampling (TTS, expressed in months; Table 1 ) as the time elapsed from the beginning of April to the moment of sampling. An exception was made for the SP ponds which are very shallow (o0.5 m), intermittent prairie ponds and were sampled shortly after they refilled with water in late summer. Some of the other populations (e.g. DV) may also dry out during summer, but we only have evidence for the SP ponds that they were sampled shortly after refilling.
As a measure of habitat size, we used surface area (SA) of the habitat. SA can be expected to be a good estimator of habitat size for the sampled populations, as D. magna tends to be found in the whole water body of these shallow ponds and lakes. The SA of the populations ranged from a few square meters to 200 ha (Table 1) .
To avoid interference from genotype-dependent habitat selection (Weider, 1984; De Meester et al., 1994) , the whole water column (top to bottom) was sampled using a dip net (mesh size, 200 mm). Adult female Daphnia were picked out randomly and stored at À801C until further analysis. From each population, between 33 and 60 animals were successfully screened for genetic variation at four allozyme loci (GPI, EC 5.3.1.9; MPI, EC 5.3.1.8; AAT, EC 2.6.1.1; MDH, EC 1.1.1.37), using cellulose acetate gel electrophoresis following the methods of (Rice, 1989) .
Effect of habitat size on genetic structure J Vanoverbeke et al Hebert and Beaton (1989) . Using the genotype obtained at each locus, we constructed multilocus genotypes for all sampled individuals. Clonal diversity (CD) in each population was calculated as the inverse of the Simpson index (Lande, 1996) :
with p i being the relative frequency of the ith multilocus genotype. Because multiple clones may have an identical genotype at the analyzed loci, this is only a lower limit for the real clonal diversity. We tested for deviations of the clonal diversity as observed by our allozyme markers from Hardy-Weinberg (H-W) expectations using a randomization test (using the software module Hwclon; De Meester and Vanoverbeke, 1999) . This test calculates deviations of the observed clonal diversity from the clonal diversity expected in a number of permutations of the original sample. That is, at each locus, the alleles are randomly divided over the individuals to create a new sample of the same size and with the same number of copies of each allele (De Meester and Vanoverbeke, 1999) . Significant deviations from H-W expectations indicate that the real number of clones (genome wide) in the sample is limited and in good agreement with the detected number of clones (multilocus genotypes). As a measure of allelic diversity, we calculated average expected heterozygosity, H e , over the analyzed loci using TFPGA (Miller, 1997) .
Because of large genetic differences among Belgian and Hungarian populations (substitution of some alleles and large differences in allele composition, KDG unpublished results), the Hungarian populations were only included in the analysis on within-population among-year genetic differentiation (YTY F ST , see further). They were not included in the analysis of the relation between clonal diversity or allelic diversity versus SA nor in the analysis of genetic differentiation among populations versus SA.
For the Belgian populations, we performed a multiple regression analysis with CD as dependent variable and SA of the habitat (logarithmically transformed), TTS and H e as independent variables. TTS was incorporated in the model because clonal erosion and its effect on the observed clonal diversity of the populations is expected to increase with the period of clonal selection since the hatching from sexual eggs, and we wanted to correct for this in the analysis of the effect of SA on CD. Likewise, allelic diversity may have an effect on CD. Indeed, CD as measured by multilocus genotypes is dependent on the allelic diversity of the markers (a higher allelic diversity gives more possible multilocus genotypes). In its turn, allelic diversity is determined by the genetic structure and events in previous growing seasons as well as by the clonal diversity in the present growing season, which we want to investigate. By correcting for H e in the relationship between CD and SA, we can correct for the reduced resolution of observed clonal diversity at low allelic diversity in our results. For those populations where data were available for 2 years, we used the average over years. We excluded, however, the SP ponds from the analysis because they were sampled shortly after they refilled with water in late summer (and thus shortly after being entirely reconstituted from resting eggs). Although we take into account TTS in the analysis, preliminary analyses showed that the SP ponds behaved as outliers and strongly influenced our results. Other populations with short TTS on one of the sampling dates were averaged over sampling dates or showed significant deviations from H-W expectations (evidence for limited diversity of surviving clones since hatching from resting eggs) and were thus included in the analysis. Multiple regression (with log transformation of SA) was performed using Statistica 6.0 (StatSoft Inc., 2001) . Before the multiple regression, we calculated pairwise correlations among the three independent variables SA, TTS and H e .
To investigate directly the effect of habitat size on allelic diversity within populations, we also performed a linear regression on the relation between H e and SA (logarithmically transformed). Whereas the effect of SA on CD corrected for H e will be most obvious after a prolonged period of clonal selection, effects of SA on allelic diversity (especially presence/absence of alleles) are taken along to the next sexual generation and are thus accumulated over growing seasons. They should be distinguishable at any period of the current growing season; for that reason, the SP ponds were included in this analysis.
For each of the 10 populations that were sampled twice (i.e. including the Hungarian populations), genetic differentiation between sampling dates within populations was analyzed. We used a permutation test (Raymond and Rousset, 1995) in TFPGA (Miller, 1997) to determine the significance of genetic differentiation among samples within each population and calculated year-to-year (YTY) F ST values (F ST , Weir and Cockerham, 1984) using TFPGA (Miller, 1997) . YTY F ST values were plotted against SA of the habitat (both variables logarithmically transformed) and analyzed using linear regression, to investigate the influence of habitat size on the YTY genetic differentiation within populations. Prior to the linear regression we tested for a correlation between log SA and time between two sampling events within each population.
To test whether habitat size has an influence on genetic differentiation among populations, we investigated the relationship between mean SA for each pair of populations and pairwise genetic differentiation (F ST ; Weir and Cockerham, 1984 ; calculated with GENETIX, Belkhir et al., 1996 Belkhir et al., -2004 . To make sure the observed patterns between F ST and SA were not confounded with geographical patterns, a partial Mantel test (Bonnet and Van de Peer, 2002 ) was used to correlate genetic differentiation with mean SA, while controlling for geographic distance among populations. This test performs a regular Mantel test on the residuals of F ST and SA over geographic distance. For water bodies that were sampled twice, we only considered the first sampling date. Because the strong genetic divergence between the Belgian and Hungarian populations would disturb any pattern resulting from habitat size, the Hungarian populations were omitted from this analysis.
Results
For 17 out of the 30 samples, significant deviations of multilocus genotype frequencies from H-W expectations were observed, resulting in a reduction of the observed CD from the expected CD ( Rice, 1989) . Of the 13 samples without significant deviations of multilocus genotype frequencies from H-W expectations, only four samples came from water bodies with a SA less than 1 ha. Three of these samples were taken from the very small Sheep ponds, which are known to dry out during summer. These populations were sampled shortly after the ponds refilled with water and hence, shortly after hatching from the dormant egg bank.
From the pairwise correlations between SA (logtransformed), TTS and H e , only the correlation between SA and H e was significant (N ¼ 14, R ¼ 0.80, P ¼ 0.001; SA versus TTS: R ¼ À0.32, P ¼ 0.27; TTS versus H e : R ¼ À0.26, P ¼ 0.36). When looking at the multiple regression, there was only a significant partial effect of SA on CD (Table 2 and Figure 1 ). Observed clonal diversity was lower in small ponds than in larger water bodies, even when H e and TTS were accounted for. Plotting H e against log SA for all Belgian populations (including the SP ponds) also resulted in a highly significant positive relationship (Figure 2 ; N ¼ 17,
Five out of 10 populations showed significant genetic differentiation between samples taken in different years (YTY F ST , all Po0.001; Figure 3 ). The remaining five populations showed no significant YTY genetic differentiation, indicating relatively stable allele frequencies between the two sampling dates. Although the time between two sampling events within one population ranged from 1 to 5 years, there was no correlation with log SA (N ¼ 10, R ¼ À0.13, P ¼ 0.72). YTY F ST ranged from 0.004 to 0.13, and was negatively related to SA (both variables logarithmically transformed) (Figure 3 ; N ¼ 10, R 2 ¼ 0.83, Po0.001).
Finally, populations inhabiting small ponds tend to be more genetically differentiated than populations inhabiting larger water bodies, as revealed by a significant negative correlation between pairwise F ST and log (mean SA) (partial Mantel test controlling for geographic distance (log-transformed): N ¼ 17, R 2 ¼ 0.20, Po0.001; Figure 4 ).
Discussion
Our results indicate that Daphnia populations inhabiting small water bodies show (1) a lower observed clonal diversity, (2) a lower expected heterozygosity, (3) more pronounced YTY fluctuations in allele frequencies within populations, and (4) higher among population genetic differentiation, compared with Daphnia populations inhabiting larger water bodies. Since small water bodies Effect of habitat size on genetic structure J Vanoverbeke et al are expected to be colonized by a smaller number of propagules than large water bodies, persistent founder effects could cause the reduced genetic diversity within and enhanced genetic differentiation among populations inhabiting small water bodies (Boileau et al., 1992; De Meester et al., 2002) . Whereas clonal diversity as observed by allozyme markers is strongly dependent on the allelic diversity of the markers, however, founder effects cannot explain the lower CD observed in small compared to large water bodies when correcting for allelic diversity (H e , multiple regression) nor the increased YTY genetic differentiation within populations from small water bodies. The significant regression of SA on CD when correcting for H e indicates that the reduced CD in smaller ponds is not only the result of a lower allelic diversity but that there is also a direct effect of SA on CD. When recruiting from the egg bank at the start of the growing season, even in very small populations hundreds to thousands of clones will hatch simultaneously (De Meester et al., 2006) and the genetic composition of the hatchlings will be in close agreement with H-W expectations. This is, for example, evident from the observation of high clonal diversity in some of the populations from small ponds that were sampled shortly after the onset of the growing season. In cyclical parthenogenetic populations, competition among clonal lineages, however, will erode clonal diversity during the phase of parthenogenetic reproduction (Ruvinsky et al., 1986) , which will eventually result in deviations from H-W expectations. Observations of reduction in genetic (clonal) diversity during the course of the growing season have been reported for cladocerans (Carvalho and Crisp, 1987; De Meester et al., 2006) , rotifers (Gó mez and Carvalho, 2000; Ortells et al., 2006) and aphids (Rhomberg et al., 1985; Sunnucks et al., 1997) . Survival of clones during winter will even enforce this reduction in clonal diversity after recruitment from the egg bank in early spring, as clones that survived winter have a head start in reproduction over newly hatched clones. Although the current data do not allow the direct assessment of a reduction of CD with time (the populations were never sampled repeatedly within 1 year), our results indicate that the observed impact of clonal erosion is more obvious in populations inhabiting small compared to large water bodies, with lower observed CD and more significant deviations from H-W expectations in populations from small versus large water bodies. Also in aphids, several studies revealed low clonal diversity in populations living in small patches of host plants (Rhomberg et al., 1985; Hebert et al., 1991) .
As mentioned, we do not have exact data on the length of the asexual growing period for most of the populations studied, as we have no data on the balance between survival of clones through winter and new input of clones from hatching in early spring. In LB, for example, although it is a big population and TTS is only estimated to be about 2 months, the CD is significantly deviating from H-W expectations (see Table 1 ), indicating that significant clonal erosion has already taken place. Likely, part of the population at the moment of sampling consisted of clones that survived winter. The same can be said for OM1 where, although we have clear indications of substantial hatching in early spring Table 1 ). *Indicates significant differentiation among two sampling dates. Effect of habitat size on genetic structure J Vanoverbeke et al (unpublished data), the clonal diversity is consistently low over a period of 2 years around the first sampling date (1996 -1997 see De Meester et al., 2006) . Although the period of asexual reproduction before sampling will certainly play a role in our data, there is, however, no reason to expect a consistent pattern of increasing permanency of the populations with decreasing SA, which could interfere with our results. If anything, the larger water bodies, such as LB, could be expected to contain the most permanent populations (they are, for instance, less prone to drying out or complete freezing of the water body), which would give a pattern between CD and SA opposite to the one we observe. Admittedly, if populations from smaller ponds do over winter, fewer clones will likely survive (see below) compared with populations from the larger water bodies, contributing to the differences in clonal diversity between small and large water bodies.
The positive relation between CD and habitat size does not imply that clonal erosion, and especially clonal selection (one of the forces causing clonal erosion) is stronger in small compared to large water bodies. As populations inhabiting small water bodies are expected to have a lower recruitment of clones from the dormant egg bank than populations inhabiting large water bodies, clonal diversity will be reduced to lower levels in small than in large water bodies when selection strengths are similar. As a result, clonal diversity after a few months of clonal selection in populations from large compared to small water bodies is more likely to still be high and above the level causing significant deviations of multilocus genotype frequencies from H-W expectations. There is one obvious mechanism, however, by which the decline in clonal diversity through time may be slower in large compared to small water bodies: with a comparable clonal structure, the larger population sizes in larger water bodies may further reduce the probability of extinction of less frequent clones. Although rare clones do not affect clonal diversity much, their survival may aid in preserving diversity over longer periods of time in water bodies, for example, with fluctuating selection pressures.
Since each clonal group recognized by allozyme electrophoresis may consist of different 'real' clones (genome wide), we are not able to calculate the true clonal diversity of the studied populations. Nevertheless, in populations with strong deviations from H-W expectations, CD as revealed by the used markers may be a good approximation of the real clonal diversity of the population. In the case of significant deviations even with the relatively low resolution of our allozyme markers, CD is below the saturation level of the markers and the probability that two random multilocus genotypes are the same is very low (the average percentage of polymorphic loci (99% level) was 91% for the samples of the Belgian populations and 96% for the samples of the Hungarian populations, and the average number of alleles per locus was 2.1 and 2.3, respectively). This means that in the smallest of the studied water bodies (SA o0.05 Ha), the true clonal diversity may actually have been reduced to less than 10. Whereas thousands of genotypes may have hatched from the egg bank at the beginning of the growing season (egg bank sizes are often 10 4 -10 5 eggs per square meter; see Brendonck and De Meester, 2003) , most of the genes of the next sexual generation will be contributed by just a few clones.
The reduced level of clonal diversity in populations from small water bodies has non-trivial consequences with respect to drift phenomena on the allelic level. This genetic drift is associated with the cyclical parthenogenetic reproduction mode of Daphnia, because it is due to the low level of clonal diversity rather than to low census population sizes. Indeed, a small but productive habitat (100 m 2 ; average depth 1 m) may easily contain 1 Â 10 6 Daphnia individuals (density 10 l
À1
). Effective population size, however, is a function of clonal diversity (Lynch, 1984; King, 1993; De Meester et al., 2006) which may only be a few clones. Heritable variation in key life history and other traits that may strongly impact fitness in relation to (changing) environmental conditions is high in Daphnia (Lynch, 1984; Tessier et al., 1992; De Meester, 1996) and very pronounced changes in genotype frequencies have been observed in population genetic surveys of Daphnia populations (reviewed by Hebert, 1987) . This indicates the power of successful clones to rapidly increase in frequency during the course of the growing season. Assuming random mating, the association of neutral markers with successful genotypes during a given growing season is determined by chance. One then expects random among growing season fluctuations in allele frequencies at neutral markers for populations where the clonal diversity drops to low levels at the moment of sexual reproduction. Indeed, allele frequencies at the start of the next growing season (after sexual reproduction and hatching of the resting eggs) will not necessarily resemble the frequencies at the start of the previous growing season but will resemble the frequencies among the clones involved in sexual reproduction at the end of the previous growing season. Our results strongly suggest that this drift-like hitchhiking of alleles at neutral markers is more prominent in populations inhabiting smaller than larger water bodies. Our results do not only reveal a positive relation between allelic diversity of the Daphnia populations and SA of their habitat, but also show that Daphnia populations inhabiting small water bodies may exhibit substantial among-year fluctuations in allelic frequencies. Although founder effects may, as mentioned, play a considerable role in determining allelic diversity, the reduced H e observed in small compared to large water bodies may thus in part also result from genetic drift associated with the clonal structure of the populations. Whereas a reduction of the observed CD is most obvious near the end of the growing season, the effect of SA on H e is accumulated over the growing seasons and visible at any period of the ongoing growing season. Although the SP ponds, for example, which established from the egg bank shortly before sampling, do not indicate any influence of clonal erosion on observed CD, H e of these populations fits the observed pattern of a reduced allelic diversity in populations from small compared to large water bodies. Similar to the loss of allelic diversity through genetic drift, the observed among-year fluctuations in allele frequencies (YTY F ST ) of populations inhabiting small water bodies can be explained by a hitchhiking phenomenon of the markers with successful clones during the period of clonal reproduction (Lynch and Spitze, 1994; Vanoverbeke and De Meester, 1997) . The YTY fluctuations in allelic frequencies are indeed not observed in populations from large water bodies.
The observed drift patterns in Daphnia populations inhabiting small water bodies not only influence genetic variation within populations but also genetic divergence among populations. Cyclical parthenogenetic zooplankton populations are characterized by marked gene frequency divergence (see reviews in Hebert, 1987; Boileau et al., 1992; De Meester, 1996; De Meester et al., 2002) . This genetic differentiation is mostly ascribed to the founding of populations by only a few individuals and to the persistence of these founder effects for many generations (Boileau et al., 1992) . Furthermore, gene flow among populations is likely to be reduced by priority effects and rapid monopolization of resources (De Meester et al., 2002) . Our results suggest, however, that the genetic divergence among populations can also be inflated by random shifts in allele frequencies in cyclical parthenogenetic populations in which clonal diversity drops to low levels (see also Vanoverbeke and De Meester, 1997) . If the high levels of genetic differentiation would be the result of founder effects alone, one would not expect the marked among-year shifts in allele frequencies within populations from small water bodies reported by the present study. These random shifts in allele frequencies will inevitably lead to an enhanced genetic differentiation among populations from small populations as observed in a survey using neutral markers.
We conclude that size of the habitat can have an important impact on the genetic structure of cyclical parthenogenetic Daphnia populations. Whereas founder events and permanency of the habitat have long been appreciated as factors determining within-and amongpopulation genetic variation in cyclical parthenogens, size of the habitat and its impact on clonal diversity may play a more prominent role than previously expected. Not only could persistent founder effects be more important in small compared to large water bodies, their effect may also be strengthened by a reduced clonal diversity, resulting in an enhancement of genetic drift. This in turn will lead to a further reduction in allelic diversity within and a further increase in genetic differentiation among populations, as well as in pronounced differences in allele frequencies within populations among years.
